The transmission of longitudinal ultrasonic waves through periodic ceramic microlattices fabricated by Robocasting was measured in the 2-12 MHz frequency range. It was observed that these structures (scaffolds of tetragonal and hexagonal spatial arrangements with periodicity at length-scales of $100 lm) exhibit well-detectable acoustic band structures with bandgaps. The locations of these gaps at relatively high frequencies were shown to be in close agreement with the predictions of numerical models, especially for tetragonal scaffolds. For hexagonal scaffolds, a mixing between longitudinal and shear polarizations of the propagation modes was observed in the model, which blurred the matching of the calculated band structures with the experimentally measured bandgaps.
Introduction
Robocasting [1] [2] [3] is an additive manufacturing technique that enables fabrication of micro-architectured three-dimensional (3D) scaffolds consisting of ceramic micro-rods in periodic spatial arrangements. These scaffolds are typically developed for particular applications such as bone tissue engineering [4, 5] or advanced liquid filtering [6] ; however, the high acoustic performance of dense ceramic materials in combination with the periodicity of the micro-architecture of the scaffold predetermine the robocast structures also for applications in acoustics.
As previously shown by the current authors [7] , tetragonal robocast scaffolds exhibit extremely strong elastic anisotropy, accompanied by equivalently anisotropic effects in the acoustic wave propagation. In addition, due to the periodicity, a pronounced frequency-dependence of the acoustic wave propagation can be expected, arising from a combination of internal resonances of the unit cells of the structure and Bragg scattering effects resulting from the periodic arrangement of these cells. In particular, the existence of the so-called frequency bandgaps (BGs) typical for acoustic meta-materials [8] [9] [10] or phononic crystals [11] [12] [13] [14] [15] can be theoretically expected for the scaffolds. Indeed, the appearance of these gaps in tetragonal robocast structures was recently predicted by finite elements calculations [7, 16] .
In this paper, we give experimental evidence of the existence of acoustic BGs for silicon carbide (SiC) scaffolds of various microarchitectures and symmetry classes. We show that the BG structure can be reliably predicted by finite elements calculations, especially for scaffolds with highly symmetric (tetragonal) spatial arrangements. The main aim of this paper is, however, to show experimentally that the acoustic energy transmission through a robocast scaffold is strongly dependent on the microarchitecture, which opens the possibility of tuning this architecture in order to achieve the desired acoustic filtering properties. As known from theoretical models [17] [18] [19] [20] [21] [22] , the structure and width of acoustic BGs of a porous material with geometrically ordered pores are strongly dependent on the shape of the pores and their volume fraction, which opens space for topological optimization. The additive manufacturing methods are, in general, understood as particularly suitable tools for fabrication of phononic crystals [23] [24] [25] [26] , as they enable fine tailoring of both the porosity and the geometry of pores. The Robocasting method enables this approach to be utilized for ceramic materials.
There have been several experimental demonstrations of phononic crystals reported in the literature so far, typically exhibiting bandgaps either in a 100 Hz-100 kHz frequency range [27] [28] [29] [30] , in the case when the spatial periodicity in these structures appeared at the millimeter (or even longer) length-scales, or in a odicity (e.g. [31] [32] [33] [34] ). In contrast, the robocast scaffolds reported in this paper have the characteristic length-scales of 200-700 lm;
this, together with the high acoustic impedance of fully dense ceramics, enables the robocast materials to exhibit BGs and other metamaterial-like features at ultrasonic frequencies $5-10 MHz, which has rarely been reported in the literature yet [35] .
Experiment

Materials
The examined SiC micro-scaffolds were fabricated by Robocasting using a similar additive manufacturing process as described in [3, 36] . In brief, an aqueous colloidal paste (containing attrition milled SiC powders with 7 wt.% Al 2 O 3 and Y 2 O 3 sintering additives plus organic additives) was printed through a robotically controlled nozzle into an oil bath, so that a regular architecture was obtained layer-by-layer, consisting of a linear array of parallel filaments in each layer. By different mutual rotations between these layers and different spacings between the rods, four different micro-architectures were obtained, according to CAD computer designs shown in Fig. 1(a) . Two samples were of tetragonal symmetry (LS and SS), differing only in the in-plane spacings between the rods; similarly, two samples were of hexagonal arrangements (LH and SH). Hereafter, we will use the acronyms (LS, SS, LH, and SH) to denote the samples; the acronyms were chosen according to the in plane shape of the unit cell for each material, i.e. small square, large square, small hexagon, large hexagon.
Each structure was then slowly dried at room temperature and subsequently heat treated at 600°C to burn out the organic additives. As a final step, the 3D structures were densified by pressureless Spark Plasma Sintering (SPS) at 1700°C in Ar. As shown in [36] , these sintering conditions led to full densification of the ceramic materials. Scanning Electron Microscopy (SEM) images and optical micrographs of the final sintered micro-lattices are shown in Fig. 1 (b) and (c), respectively. From the four prepared microarchitectures, samples for ultrasonic measurement were prepared by cutting out the non-periodic parts (the frames) of the scaffolds (Fig. 1(d) ). Prior to the sintering, the dimensions of all samples were approximately 10 Â 10 Â 3 mm 3 . After sintering and after cutting out the non-periodic parts, the resulting samples were all approximately 8.5 Â 8.5 Â 2.8 mm 3 .
Experimental methodology
The acoustic properties of the samples were studied using a through-transmission method (see Fig. 2 for an outline). Each sample was contacted by a CrystalBond wax onto two 0.5 mm thin glass plates to ensure flat co-planar faces for an adequate contacting of ultrasonic probes.
Then, narrow-band longitudinal ultrasonic pulses were sent through the sample, each consisting of ten harmonic periods at given frequency inside of an amplitude-envelope ('input signal' curve shown in Fig. 2 ). The narrow band excitation allowed satisfactory signal-to-noise ratio, enabled time-resolved analysis of the output signals, and, at the same time, would reveal possible nonlinearities in the measurement system (which were not observed). The glass plates were always glued onto two lateral faces of the sample and oriented such that they enabled measurements of waves propagating along one of the orientations of the rods. According to the coordinate system outlined in Fig. 1 , the measurements were performed in the x 1 direction for all samples.
For the generation of the input signals and the acquisition of the transmitted signals, a National Instruments NI-PXI card system was used, including a functional generation card 5422 (16 bits/40 MHz) employed for burst signal generation, and an acquisition card 5122 (14 bits/100 MHz) for signal recording. The generated as well as the recorded signals were amplified by a high power ultrasonic system Ritec RAM 5000. This system was equipped by a gated amplifier (nominal frequency range 50 kHz-22 MHz, output RMS power 5 kW at 50 ohms/2.5 MHz) and a broadband receiver (frequency band 40 kHz-80 MHz/72 dB gain).
A LiNbO 3 single crystal (central frequency 20 MHz) glued on a 10 mm Homosil substrate was used as an emitting transducer. A commercial delayed ultrasonic probe Panametric V206 (0.12 00 , 20 MHz) was employed as a receiver. Propylenglycol was used for acoustic coupling. Input burst pulses with nominal frequencies (f in ) between 2 MHz and 12 MHz were used; this frequency range was scanned with a 0.1 MHz step.
While the input signal was a compact burst wave-packet, the transmitted signal was much more general (as, for example, the 'output signal' curve in Fig. 2 ). For each nominal frequency of the input signal, two basic parameters of the output signal were determined: (1) the maximal transmitted amplitude, and (2) the dominant frequency (f out ) determined by Fast Fourier Transform (FFT) of the output signal. It was checked that for a reference sample (a 10 mm thick bulk plexiglass) the transmitted amplitude was monotonously increasing with frequency for the whole used frequency range, and that
in the given frequency range. This result is visualized in Fig. 3 as a plot of the transmitted amplitude with respect to the input frequency f in (solid line) and the output frequency f out (vertical bars). The amplitude is normalized with respect to its maximum value (reached at 12 MHz). It is seen that the amplitude decreased below 3 MHz due to low sensitivity of the detection probe to such low frequencies; in the rest of the used frequency range, the amplitude was increasing due to approaching the vicinity of the resonant frequencies of both emitting and receiving probes. This reference measurement confirmed that any localized sharp decreases in the transmitted amplitude obtained for the robocast samples must follow from the interactions of the propagating waves with the microarchitecture.
In the rest of the paper, we will use the same representation of the acoustic energy transmission through the robocast samples as the one used in Fig. 3 for the bulk plexiglass sample, i.e. two plots of the transmitted amplitude, the first one with respect to the input frequency (f in ) and the second one with respect to the dominant frequency of the output signal (f out ). The lowest amplitude transmitted through the bulk plexiglass sample was obtained at 2 MHz, where the output signal was by two orders of magnitude (i.e. À40 dB) lower than that at 12 MHz. For the robocast samples, we decided to consider the frequency intervals in which the attenuation becomes even by one order of magnitude stronger (i.e. À60 dB) as regions of possible BGs; the À60 dB cut-off frequencies will be indicated in all experimental results in the rest of the paper. With the used averaging (100Â) and the nominal signal-to-noise ratio of the acquisition system, the resulting signal-to-noise ratio of the recorded signal was higher than 80 dB.
FEM calculations
In addition to the experiment, the wave propagation in the examined scaffolds was studied by numerical modelling, in particular by the finite elements method (FEM). The calculations were performed on representative unit cells of the scaffolds shown in Fig. 4 . For both tetragonal and hexagonal scaffolds these unit cells are representative building blocks that repeat periodically along the three spatial directions (x 1 ; x 2 and x 3 ). However, while for the tetragonal structures this building block is directly equivalent to the smallest (irreducible) unit cell of the scaffold, for the hexagonal structures the cell used for the calculation is composed of two mirror-reflected irreducible unit cells, each of them periodically repeating in the structure along the directions x 2 ¼ AE ffiffiffi 3 p x 1 . The unit cells were meshed by tetrahedral Lagrangian elements, and the corresponding wave-propagation problem was solved using COMSOL Multiphysics computational environment [37] . The dimensions of the unit cells, i.e. the out-of-plane spacing of the rods h, the in-plane spacing of the rods l, and the rod diameter d, were obtained from optical micrographs of the scaffolds (both axial views and cross-sectional cuts); the results are listed in Table 1 . A relatively large scatter (up to AE20 lm) was observed in the micrographs for all parameters. Hence, the results of the FEM calculations must be understood just as idealized approximations of the behaviors of the real scaffolds. The material parameters of robocast SiC for the calculations were taken from [7] as follows: the density q ¼ 3:34 g cm À3 , Young's modulus E ¼ 305 GPa, and Poisson's ratio m ¼ 0:19.
As usual for wave propagation in periodic media with spatial periodicity described by a translational vector a [27, 38, 39] , the displacement field of the sought solution was assumed in form of a planar wave of frequency x
is the Bloch waveform [40, 41] having the same spatial periodicity as the scaffold, and k is the wave vector, that can always be mapped into the first irreducible Brillouin zone. In particular, planar waves propagating along the symmetry direction x 1 were assumed in all cases; in this direction, the spatial period of the scaffolds was
The Bloch wave solution was determined by calculating eigenfrequencies and eigenmodes of elastic vibrations of the unit cell with the complex phase-shift boundary condition uðx 1 ¼ 0; x 2 ; x 3 ; tÞ ¼ uðx 1 ¼ a; x 2 ; x 3 ; tÞ expðikaÞ ð 4Þ
in the direction x 1 and periodic boundary conditions in the x 2 and x 3 directions. For the tetragonal scaffolds, this calculation gave directly the full band structure for the wave propagation in direction x 1 . For the hexagonal scaffolds, the solutions were duplicate due to the fact that the used computational unit cell consisted of two irreducible unit cells of the structure; i.e. for each k 2 ½0; 2p=a, also solutions for e k ¼ ð2p=aÞ À k were obtained. The separation of these two sets was done by checking the phase shifts between corresponding points at planes x 1 ¼ 0 and x 1 ¼ a=2.
For each solution, the displacement amplitudes u 1 (i.e. along the propagation direction), u 2 and u 3 at the faces perpendicular to x 1 were compared, which enabled identification of waves with dominantly longitudinal polarizations. For a more detailed analysis of the individual modal shapes, visualizations of the corresponding solutions on supercells consisting of four unit cells repeating along the propagation direction were constructed from the solutions on single cells.
Results
Tetragonal structures
The plots of the transmitted amplitudes with respect to input and output frequencies for the LS and SS samples are shown in Fig. 5 , being significantly different from what was observed for the reference bulk sample (Fig. 3 ). Some energy is transmitted through the LS and SS structures for all input frequencies, however, it is clearly seen that in some frequency ranges this transmission is only due to the finite spectral width of the input signals. In the spectrum of the output signals (f out , vertical bars), broad BGs are clearly observed; the locations of these gaps are summarized in the first two columns of Table 2 .
For the LS sample, the transmitted amplitude starts rapidly decreasing above 3 MHz, reaching a À60 dB attenuation at approximately 3.3 MHz. Then, in the 3.5-4.9 MHz interval a BG is observed, and above it the transmitted amplitude increases again. Similarly, the second À60 dB cut-off frequency emerges at 11.1 MHz, which is followed again by a sharp BG. Between these two sharp BGs, an additional minimum of the transmitted amplitude appears, corresponding to the output frequency range denoted as '2nd bandgap' in Fig. 5 . For the SS sample, a shallow local minimum is observed at about 4.5 MHz, but there is no real gap in the transmitted frequencies related to this minimum. A strong decrease in the transmitted amplitude is then seen at above 9 MHz, reaching a À60 dB cut-off frequency at 9.5 MHz. A sharp BG for the SS structure is localized between 9.8 and 10.6 MHz. The decreases of the amplitudes around the BGs are gradual rather than abrupt for both samples, which is probably due to the irregularities of the real structure mentioned in Section 3, that leads to some blurring of the BG edges.
The observed band structure for the LS and SS samples can easily be interpreted based on the results of the FEM modeling shown in Fig. 6 . For the LS sample, the FEM model predicts that there are three longitudinal modes appearing in the studied frequency range. Two of them with positive group velocity (@x=@k > 0, modes denoted by capital letters C-C 0 and D-D 0 in Fig. 6 ) and one with negative group velocity (@x=@k < 0, mode G-G 0 ). Fig. 7 shows the modal shapes of the chosen modes for two different values of the k-vector: in the middle between the center and the edge of the 1st Brillouin zone (k ¼ a=2p) and at the edge of the 1st Brillouin zone (k ¼ a=p), where the size of the unit cell corresponds to one half of the wavelength. It is observed that the geometry of the modes for these two values of k is essentially the same, up to the change in the wavelength. From these mode visualizations, it is clearly shown that these three modes represent purely longitudinal straining of the scaffold, while all other modes have dominantly shear polarizations related to bending of the rods oriented along the propagation direction. The high symmetry class of the scaffold enabled clear distinguishing between the shear and the longitudinal modes, according to the symmetry components of the structure. In summary, there is a good quantitative agreement between the gaps separating the modes C-C 0 , D-D 0 and G-G 0 and the experimentally observed BGs. For the SS sample, the FEM calculation predicts only one BG within the measured frequency range, starting above the edge of the first longitudinal mode and denoted by a thick line in the lower plot of Fig. 6 . This mode is geometrically equivalent to the C-C 0 mode in the LS structure. The quantitative agreement between the FEM prediction of the location of this BG and the experimental value is also satisfactory, especially when taking into account that for higher frequencies (shorter wavelengths) the local imperfections in the geometry of the structure, i.e. deviations of the real geometry of the scaffold from the idealized geometry of the FEM unit cell, may have a more pronounced effect. The FEM model also confirms that there should be no BG around 4 MHz, i.e. that the first local minimum on the amplitude curve of the SS sample is artificial. As this minimum was observed neither for any other robocast sample nor for the bulk sample, its appearance cannot be ascribed to any internal resonances of the experimental arrangement; a possible explanation is that there was a localized heterogeneity or other imperfection in the structure of this sample.
Hexagonal structures
For the hexagonal LH and SH samples, the experimental results are shown in Fig. 8 , presenting localized decreases in the amplitude followed by broad BGs. The frequency ranges of these gaps are summarized in the third and the fourth columns of Table 2 . For the LH sample, a sharp BG is observed between 6.3 and 8.5 MHz, while for the SH sample the BGs are detected between 6.1 and 7.8 MHz and above 11.0 MHz. For the LH sample, two less pronounced minima of the transmitted amplitude can also be seen. The first one appears above the first À60 dB cut-off frequency (3.8 MHz) and corresponds to the f out frequency range denoted as '1st BG' in Fig. 8 . The second minimum ('3rd BG') is very shallow, located approximately between 9.6 and 11.5 MHz. It is not clear from the experimental results whether the latter minimum can be assigned to some real BG.
The interpretation of the observed band structure for hexagonal samples by FEM calculations (Fig. 9) is much less straightforward than for the tetragonal structures. Most importantly, the propagation along the x 1 direction in the hexagonal structure does not correspond to a single direction on the 1st Brillouin zone, but to a path from the center of the zone (C) to its corner (point K) and then to its edge (point M, see the sketch in Fig. 9 ), where the notation C, M and K is adopted from phonon mechanics [41] . Due to this complex path, the xðkÞ curves for most of the propagation modes are nonmonotonous, exhibiting local stationary points (@x=@k ¼ 0) for various values of k 2p=a.
The visualizations of the selected propagation modes (see the labels in Fig. 9 ) for the LH structure are depicted in this point (this situation is more clearly seen for the corresponding modes for the SH sample). This indicates degeneracy of these two modes and their mutual conversion by Bragg scattering. The stationary point of the C-C 0 -C 00 mode, nevertheless, corresponds well to the experimentally observed first cut-off frequency and the start of the first BG. The polarizations of the modes appearing above this point are dominantly shear, except of the mode E-E 0 ÀE 00 , which is a propagating longitudinal mode between points C and K, but turns into a non-propagating mode (@x=@k ¼ 0)
between K and M. The upper edge frequency of this mode corresponds well to the start of the second experimentally observed BG in the LH structure. At higher frequencies, nevertheless, any clear distinguishing between longitudinal and shear modes becomes impossible. Unlike tetragonal scaffolds, hexagonal scaffolds do not impose any particular symmetry to the modal shapes except the mirror symmetry about the x 3 ¼ 0 plane; hence, the mixing of in-plane shears and longitudinal strains is not anyhow constrained. The mode F-F 0 -F 00 is dominantly shear for k $ 0:4ð2p=aÞ while the mode G-G 0 -G 00 is dominantly longitudinal in this region (see visualizations F and G). However, when the curves for these two modes nearly touch each other at k $ 0:45ð2p=aÞ, their polarizations interchange (see visualizations F 0 and G 0 ), which occurs again at k $ 0:9ð2p=aÞ, and so the mode F-F 0 -F 00 is purely shear again at the edge of the Brillouin zone (visualization F 00 ), while the mode G-G 0 -G 00 is purely longitudinal at this point. The lowest frequency of the longitudinal polarization of these two modes corresponds well to the end of the second experimentally obtained BG, so it can be concluded that although the mode G-G 0 -G 00 is of the above described mixed polarization, this mode enables some energy transmission through the structure.
All higher modes exhibit similar switching between longitudinal and shear polarizations, or even more complex modal shapes (such as H-H 0 -H 00 ) in which the longitudinal and shear components are fully comparable. Hence, it is difficult to find the origin of the third experimental BG for the LH structure. The calculations predict a narrow BG for both longitudinal and shear modes at 9.7-9.8 MHz, but the relation of this calculated BG and the broad observed minimum of the transmitted amplitude is questionable.
Similarly, for the SH sample, the FEM calculation enables a straightforward interpretation only for the lowest modes. The start of the first BG again corresponds to the stationary point of the longitudinal acoustic mode. The end of this BG then probably corresponds to the mode denoted by the dashed line in the lower subplot of Fig. 9 . This mode is geometrically similar to the mode G-G 0 -G 00 of the LH structure, and exhibits similar switching of polarizations. However, at higher frequencies the agreement between the model and experiment deteriorates. The FEM calculations predict a BG for both longitudinal and shear modes between 9.8 and 10.6 MHz, which cannot be seen in the experimental results. On the contrary, the experiment gives a local maximum of the transmitted amplitude in this interval. It is plausible that this theoretically predicted BG may correspond to the measured BG at above 11.0 MHz, and the discrepancy follows from the deviations of the real micro-morphology of the scaffold from the geometry of the FEM model. Similarly as for the tetragonal scaffolds, the agreement between the model and the experiment at high frequencies is worse for the denser structure. As it can be partially seen from the optical micrographs in Fig. 1 , the rods in these dense structures (SS and SH) appear more wavy due to the inherent overlapping between layers, exhibiting less constant diameter over the Fig. 9 . Band structure of the hexagonal scaffolds LH (upper plot) and SH (lower plot) calculated by FEM. The thick (blue) lines denote the modes with dominant longitudinal component, the thick dashed lines denote modes with mixed polarizations but having a dominant longitudinal component in some segments. The shaded region labeled as 'Mixed modes' covers the modes among which a distinguishing between dominantly longitudinal a dominantly shear ones is impossible. In the upper plot, the capital letters A,. . .,H structure; hence, a stronger disagreement with the model could be expected.
Conclusions
Both experimental results and FEM calculations in the present paper confirm that ceramic microlattices fabricated by Robocasting exhibit band structures for longitudinal ultrasonic wave propagation with acoustic bandgaps. For the fine robocast scaffolds studied, the lowest BGs appear above 3 MHz. Broad BGs were observed for both tetragonal and hexagonal structures, the spectral width of these gaps being between $1 MHz and $2 MHz in both cases. Robocasting, as a 3D printing method, is proved to be a versatile tool for rapid prototyping of phononic crystals with a prescribed acoustic band structure and bandgaps that block acoustic energy propagation at frequency ranges of as high as 5-10 MHz.
The results presented in this paper also show the limitations for FEM modeling of the wave propagation in real robocast structures. For increasing frequencies, the geometric imperfections and/or boundary defects of the real structures may lead to significant shifts between the predicted locations of the bandgaps and the real frequency ranges in which the transmitted energy is lowered. Despite this quantitative mismatch at high frequencies, FEM calculations were shown efficient for the interpretation of the experimentally observed band structures, and enabled also a deeper insight into the acoustic wave propagation in the scaffolds, especially for the hexagonal symmetry class where mixing of shear and longitudinal polarizations appears.
